Roots play an important role in plants and are responsible for several functions; among them are anchorage and nutrient and water absorption. Several methodologies are being tested and used to study plant root systems in order to avoid destructive root sampling. Electrical resistivity tomography is among these methodologies. The aim of this preliminary study was to use electrical resistivity for detecting root biomass in coffee trees. Measurements were performed in a soil transect with an ABM AL 48-b resistivimeter with a pole-dipole configuration. The tomograms indicated variability in soil resistivity values ranging from 120 to 1400 Ω⋅m −1 . At the first 0.30 cm soil layer, these values were between 267 and 952 Ω⋅m −1 . Oriented by this result, root samples were taken at 0.10, 0.20, and 0.30 m depths within 0.50 m intervals along the soil transect to compare soil resistivity with root mass density (RMD). RMD data, up to this depth, varied from 0.000019 to 0.009469 Mg⋅m −3 , showing high spatial variability and significant relationship to the observed values of soil resistivity. These preliminary results showed that the electrical resistivity tomography can contribute to root biomass studies in coffee plants; however, more experiments are necessary to confirm the found results in Brazil coffee plantations.
Introduction
Roots play an important role in plants and are responsible for several functions, which include anchorage, acquisition of soil-based resources, storage, synthesis of growth substances, source of organic materials, propagation, and others [1] .
Root research under natural conditions is very labor intensive and time consuming. Several methods related to root studies were described in the literature, and these include destructive and nondestructive sampling [2] . Among them one can cite excavation, monolith, auger, profile wall, container, and others [2, 3] . Most of them are destructive, which prevents future measurements at same location, and require separation of the roots from the soil, commonly by washing. Other more sophisticated methodologies, classified as nondestructive sampling, involve root studies using glass wall, rhizotrons, minirhizotrons [4] , and video and digital cameras [2] . In this case, image analysis helps to evaluate roots behavior and allows the researcher to return to the same location for new data collection.
New high technologies of root research can also help avoid destructive sampling and allowing an intensive root study in a new way. Several methodologies were tested such as ground-penetrating radar [5] [6] [7] [8] , X-ray imaging [9, 10] , magnetic resonance [11] , and electrical and seismic methods [12] [13] [14] [15] .
The use of electrical resistivity tomography is among these techniques, and its use has been documented by several authors in trees, herbaceous plants, and orchards [12] [13] [14] [16] [17] [18] . It consists in applying electrical current to the soil through conductors (electrodes) and measuring the resulting differences in electric potential (voltage) at selected positions in the soil. Considering that roots can affect this difference in electrical potential, it is possible to study spatial variability of root distribution in the soil and even quantify them according to the soil resistivity values. The electrical resistivity ( , Ω⋅m), a measure of the ability of a body to limit the transfer of electrical current, is defined in cylindrical geometry as
where, is electrical resistance (Ω), is cross-sectional area of the cylinder (m 2 ), and is the length of the cylinder (m). Soil resistivity surveys are conducted by applying electric currents to the soil through conductors (electrodes) and measuring the resulting differences in electric potential (voltage) at selected positions in the soil ( Figure 1 ). The distribution in space of voltage differences is a function of the different resistivity of soil volumes [19] . Traditional electrical exploration aims to make qualitative determinations based on the contrast between soil layers, or between the soil matrix and local heterogeneities, deposits, and intrusions of different materials. Point measurements of soil resistivity require four electrodes (a quadrupole), two for the injection of electric currents (current electrodes) and two for the measurement of differences in electrical potential (potential electrodes). Electrodes may be arranged in different configurations with potential electrodes placed between current electrodes (as in the Wenner or in the Wenner-Schlumberger configurations) or consecutive to them (as in the Pole-pole or Dipole-dipole configuration). The effects of electrode configuration on resolution, sensitivity and depth of the investigation have been reviewed by Samouëlian et al. [20] . In isotropic media, the current flows radially from the current electrodes into the soil and equipotential lines are hemispherical.
Soil resistivity can therefore be calculated from the difference in electrical potential between the potential electrodes as
where is difference in electrical potential (V), is a geometrical coefficient, depending on the electrode configuration, and is current (A). The depth of investigation depends on configuration and spacing between electrodes. Twodimensional (2-D) tomography of the soil medium requires a linear array of electrodes that can be used as current and potential electrodes according to the chosen configuration. The current flow-lines and equipotential distribution vary accordingly. The survey is conducted by measuring resistivity on a single quadrupole of the array at a time. Current injection and voltage recording are moved from one quadrupole to another along the line. All possible quadrupole spacings along the line are used for measurements, starting from the lowest inter-electrode spacing, corresponding to the distance between two adjacent electrodes, to maximum spacing, determined by the total length of the array [20] . In heterogeneous media, the current flow lines are deformed and tend to be concentrated in conductive volumes. Resistivities are first calculated according to the theoretical flow-line distribution in isotropic media and are called "apparent resistivity values. " They are attributed to and coordinates corresponding to the position along the array ( ) and the depth ( ) obtained based on the hypothesis of homogeneous current distribution. The 2-D ( , ) section thus obtained is called a pseudosection, and is called a pseudodepth. Each apparent resistivity value on the pseudo-section corresponds to a soil volume of distorted geometry. One further processing step is needed to obtain the "real resistivity value" and to correctly place it in space. The process is called inversion and requires numerical modeling [21] with soil discretization in elementary cells. Resistivity data are imaged by attributing values corresponding to each elementary soil volume to a point corresponding to the intersection of two lines passing through the centers of the quadrupoles.
The objectives of this research were to access the quantitative relationships between soil electrical resistivity and root biomass and to determine if resistivity tomography could detect the spatial variability of coffee tree root biomass in the field.
Material and Methods

Data Acquisition.
The aim of this study was to use the 2D resistivity tomography for detecting root biomass in coffee trees (3-4 years old). The research was conducted at an experimental area located at Federal University of Lavras, Lavras, Minas Gerais, Brazil (Figure 2 ).
Electrical resistivity measurements were performed in a soil transect under coffee plants. Pole-dipole configuration was used, and measurements were taken 0.25 m apart by using an ABM AL 48-b resistivimeter (EEG Geofisica, Italy). In total, more than 2700 measurements were taken at 14 different depths up to 2.0 meters. The measured apparentresistivity data sets were inverted by using the RES2DINV software.
In addition, measurements of electrical resistivity were done in a bare soil transect 3 m away. This was performed to compare soil transects w/o plants and make sure that possible variation in electrical resistivity ( ) are attributed only to the presence of roots. line positions along the soil transect, and Figure 4 shows the experimental area and equipment in the field.
Soil and Roots
These samples were taken to the laboratory and weighed, and soil gravimetric water content was measured on a 25 g subsample by weighing before and after drying at 110 ∘ C to constant mass, obtaining soil dry mass (Dm s g).
The remaining soil was weighed and washed with a solution of nahexametaphosphate (85%) and sodium bicarbonate (15%) at 10% (w/w) dilution [22] . Nonroot materials and other soil debris were separated manually and the washed roots were dried in the oven at 65 ∘ C constant mass to obtain root dry mass (Dm r g). Dm r (g) was then divided by Dm s (g) for each sample and multiplied by the soil bulk density (BD) to give root dry mass per unit soil volume (root mass density, RMD)
2.3. Root and Soil Samples Analysis. Both electrical resistivity ( ) and root mass density (RMD) values were used to build spatial variability distribution maps along the soil transect. These two maps were obtained by using the mapping software Surfer v.10. In this way, the two maps could be compared to each other. Basic statistics were applied to the , RMD, and soil moisture content ( m 3 m −3 ) to determine mean, standard deviation, and maximum and minimum values. Also, several linear regressions were performed to best fit the obtained RMD (Mg⋅m −3 ) and the (Ω⋅m) data in order to try to explain the potential relationship between them.
The best model found was
where RMD is root mass density and is electrical resistivity, with parameters and 1 having values of 0.000549 and 2.7913 − 10, respectively. 
Results and Discussions
Soil electrical resistivity ( ) values ranged from 120 to 1400 Ω⋅m along the soil transect to a depth of 2 m (Figure 5 ). At the first 0.30 m soil layer, these values ranged from 267 to 952 Ω⋅m (Table 1 ). Yet, root dry mass per unit soil volume (RMD) values at the same depth ( Figure 6 ) ranged from 0.000019 to 0.009469 Mg⋅m −3 showing high horizontal ( -axis) spatial variability ( Table 1) .
The spatial distribution of closely matched the spatial pattern of RMD with highest values found at 0.1-0.3 m soil layer and low values at deeper layers. In both situations, RMD and high variability are closely related to the upper soil layer (Figures 5 and 6 ). Values of below 0.4 m are more related to soil intrinsic characteristics than to presence of roots. Figure 7 , depicts the tomogram for a soil transect without plants. One can see that the spatial variability of does not exist at the top layers along the soil transect.
The regression model between RMD and showed a high significant positive correlation ( < 0.01, = 59) with 2 = 0.723 (Figure 8) .
Values of higher than 700 Ω⋅m were related to soil samples containing roots with large diameter which provided a high RMD. This was observed in a few soil samples. The majority of the resistivity values are associated with RMD values ranging from 0.001 to 0.004 Mg⋅m −3 , which correspond to small roots with thin diameters.
However, when the regression between electrical resistivity and soil moisture content was performed, the results showed an inverse relationship, but with low 2 . Similarly, values of soil moisture content were negatively correlated with RMD, and also with low values of 2 . The results show spatial variability in the electrical resistivity along the soil profile, and this variability was more evident at the top layers in the studied transect. The values at deep soil layers were lower when compared to those at the top ones. But this might be more related to intrinsic soil factors, by its natural condition rather than by the presence of roots.
In this research, we also studied soil electrical resistivity in a bare soil transect, and one can see, in the obtained tomogram (Figure 7) , that there was no spatial variability of in the top layer. The observed values were extremely low, around 110 Ω⋅m, and were the same for any horizontal and vertical position in this layer. Below that there was variability but following almost the same variation pattern existent in the soil tomogram presented in the Figure 5 . So, any disturbance in observed at the top layer could be attributed to the presence of roots. The obtained tomogram closely matched the horizontal and vertical distribution of the spatial variability of RMD. Roots were more concentrated at top layer of the soil and were clustered in some positions. Soil sampling was not performed below top layer due to the age of the plants and considering that roots, if present, would have extremely low influence on the values of RMD and . When the maps of spatial variability of RMD and the tomogram were compared it became evident that the variability of on the soil top layer could be explained by the presence of roots. Our research showed the same tendency observed by other authors. Amato et al. [12] studying the applicability of electrical resistivity tomography in Alnus glutinosa (L) Gaertn stand reported that there was a positive correlation between and RMD and that a high proportion of the variability in soil resistivity was explained by the root density. These results were also found at the 0.30 m soil depth. Similar results were observed in studies involving herbaceous plants. In this case, plant roots were able to affect soil electrical resistivity, and this was quantitatively detectable, where root biomass yielded better correlation with than root length density [13] . However, the interpretation of the relationship between and RMD has to be carefully done. It can be ambiguous, and sometimes a site-specific calibration is necessary. It is well documented that several other factors such as nature and arrangements of solid constituents, soil water content, pore fluid composition, ionic solution, soil temperature, configuration of the electrodes in the survey, duration of the time of measurement, and contact between the soil and the electrodes can affect electrical resistivity [20] .
In the context of soil sampling, electrical resistivity exhibits a large range of values from 1 Ω⋅m for saline soil to a several 10
5 Ω⋅m for dry soil [11] . Furthermore, plant structures exhibit a range of values with water-filled conductive tissues at less 50 Ω⋅m and resistive lignified parts at 10 4 Ω⋅m with means at 10 2 to 10 3 Ω⋅m [23, 24] . Soil volumes colonized by roots showed high resistivities, ranging from 10 to 10 2 Ω⋅m, in agreement with reported values for plant materials [15, 24] . As a result, the ability to detect roots depends on the high values of roots compared with soil materials and other soil features [12, 22] . So the values found in our research are in agreement with the values reported in the literature.
Root mass density (RMD) values are also in the same range of values found by other authors in annual and perennial plants. They reported RMD value in tree species ranging from 0.0015 to 0.21 Mg⋅m −3 [12] and in alfalfa ranging from 0.00043 to 0.005 Mg⋅m −3 [25] and in grasses values may increase from 0.0008 Mg⋅m −3 to 0.001 Mg⋅m −3 [7] . It was also related values of less than 0.0004 Mg⋅m −3 in winter wheat [26] and 0.00092 Mg⋅m −3 in alfalfa [13] . Considering the RMD values found in our research we can affirm that coffee trees root system was able to cause interference in soil electrical resistivity.
Soil water content, on the other hand, showed a nonlinear inverse relationship with in our research and presented a low 2 value. Other inverse relationships with resistivity were found in the literature, and the amount of variability explained by soil water content in such studies is quite variable [14, 18, 24, 27] . It can be attributed to several factors as mentioned before [20] .
Conclusions
In our research we generated a high-resolution 2D geoelectrical tomography along a soil transect under plants in a coffee tree (Coffea arabica L.) stand and compared it with destructive soil sampling. The results showed that soil resistivity is quantitatively related to root biomass, and the technique provides a basis for nondestructive spatial detection of root mass in situ.
This preliminary study showed that the electrical resistivity tomography can contribute to root systems studies in coffee plants; however, considering the diversity of soils and conditions in which plants are cultivated in Brazil, more experiments are necessary to confirm the found results.
